It has been proposed that long-lasting changes in dendritic spines provide a physical correlate for memory formation and maintenance. Spine size and shape are highly plastic, controlled by actin polymerization/depolymerization cycles. This actin dynamics are regulated by proteins such as calpain, a calcium-dependent cysteine protease that cleaves the structural cytoskeleton proteins and other targets involved in synaptic plasticity. Here, we tested whether the pharmacological inhibition of calpain in the dorsal hippocampus affects memory consolidation, retrieval and reconsolidation in rats trained in contextual fear conditioning. We first found that posttraining infusion of the calpain inhibitor PD150606 impaired long-term memory consolidation, but not shortterm memory. Next, we showed that pre-test infusion of the calpain inhibitor hindered memory retrieval. Finally, blocking calpain activity after memory reactivation disrupted reconsolidation. Taken together, our results show that calpain play an essential role in the hippocampus by enabling memory formation, expression and reconsolidation.
Introduction
The process by which information is retained as long-lasting memory does not occur instantaneously. Initially new memories are plastic and sensitive to modulation, and gradually, they are transformed into a more stable form. This time-dependent stabilization process is called consolidation (Frankfurt & Luine, 2015; McGaugh, 2000) . In the last decade, much evidence has shown that a well consolidated memory may undergo a new labile state induced by retrieval, allowing memory to be modified before being reconsolidated (De Oliveira Alvares et al., 2013; Nader, Schafe, & Le Doux, 2000) . Following long-term potentiation (LTP), memory formation, and memory retrieval, glutamate is released from presynaptic terminals in the hippocampus, acting on NMDARs. This process leads to Ca ++ influx, which activates several enzymes in dendritic spines, including calpain (Vanderklish, Bednarski, & Lynch, 1996) . Calpain is a calcium-dependent cysteine protease widely distributed in mammalian tissues (Briz & Baudry, 2016) . In the brain, there are only two calpain isoforms: calpain-1 (aka μ-calpain) and calpain-2 (aka m-calpain). Both are highly expressed in dendritic spines and postsynaptic density (PSD) Dong et al., 2015) .
It has been shown that calpain regulates a varied set of biological processes (Goll, Thompson, Li, Wei, & Cong, 2003) , including synaptic plasticity (Briz & Baudry, 2016) . Specifically, studies have demonstrated that calpains have several pertinent functions on synaptic restructuring (Zadran et al., 2010) and LTP induction (Lynch & Baudry, 1984) . It has been proposed that, during LTP, Ca ++ influx activates the enzyme calpain, which degrades the cytoskeletal protein spectrin, promoting an increase in AMPAR levels in the postsynaptic density (PSD) by degrading the F-actin network (Donkor, 2015; Gu et al., 2010; Lynch & Gleichman, 2007) . Indeed, the pharmacological (Oliver, Baudry, & Lynch, 1989) or genetic (Amini et al., 2013) inhibition of calpain are able to prevent LTP induction. Memory studies in animals have shown that calpain-1 knockout mice exhibits impaired memory in both object recognition and fear memory . Moreover, Liang et al. (2017) have reported that calpain inhibition in the nucleus accumbens impairs drug reward memory reconsolidation in conditioned place preference (CPP) and self-administration (Liang et al., 2017) . In the same study, they also showed that drug-related memory retrieval increases calpain activity (Liang et al., 2017) . Altogether, this evidence suggests an important role played by calpain on synaptic plasticity and memory. It has been proposed that an initial step to undergo a plastic state such as memory consolidation or LTP induction is the actin network disassembling through spectrin degradation by calpain (Lynch & Gleichman, 2007) . This process undergoes an unstable state in the dendritic spines that allows it to be modified before being rebuilt by actin network reorganization in a larger and more stable form (Rudy, 2015a (Rudy, , 2015b . We therefore hypothesized that calpain would play an important role in distinct memory processes, possibly by interfering with actin dynamics. Thus, the objective of the present study was to evaluate the effects of calpain inhibition in the hippocampus on memory consolidation, retrieval, and reconsolidation in the contextual fear conditioning in rats.
Materials and methods

Animals
Male Wistar rats (2-3 months old, weighting approximately 350 g) from Biophysics Department at the Federal University of Rio Grande do Sul (UFRGS) were used for all experiments. They were housed in Plexiglas boxes, 4-5 animals per cage. Animals were kept on 12:12 light/dark cycle under controlled temperature (21°C ± 2), with food and water available ad libitum. All the procedures followed the Brazilian ethical guidelines for animal research.
Stereotaxic surgery and cannulae implantation
The rats were anesthetized by intraperitoneal injection with ketamine (75 mg/kg) and xylazine (10 mg/kg) and secured in a Kopf stereotaxic apparatus. Bilateral guide cannulae were targeted for placement directly above the CA1 region of the dorsal hippocampus (AP -4.0 mm (from bregma), LL ± 3.0 mm, DV −1.6 mm, 1.0 mm) (Supplementary Figure) . We used Meloxicam (analgesic and nonsteroidal anti-inflammatory; 1 mg/kg; via subcutaneous) 20 min before surgery, as well as once a day in the following two days. Animals were allowed 5-7 days to recover before experimentation. Following the appropriate behavioral task, animals were euthanized and their brains were collected to ensure accurate cannula placement. Animals with inaccurate cannula position were excluded from statistical analysis.
Drugs and microinfusion
PD150606 (Sigma-Aldrich), a calpain-specific inhibitor (0.01; 0.1; 1; 10 and 100 μM; dissolved in 1% DMSO) or its vehicle (DMSO 1%) was infused bilaterally into the CA1 region of the dorsal hippocampus. At the time of infusion, a 27-gauge needle was fitted into the 22-gauge guide cannula, with its tip protruding 1.0 mm beyond the guide cannula. All the infusions were delivered at a rate of 0.5 μL/side (PD150606 or DMSO 1%) over 60 s and 30 additional seconds were waited before removing the infusion needle. A total volume of 1 μL of PD150606 or vehicle was injected into the hippocampus. The effective 1 μM dose represents the concentration of 0.306 ng/μL.
Contextual fear conditioning
The conditioning chamber consisted of an illuminated Plexiglas box (25 × 25 cm grid of parallel 0.1-cm caliber stainless steel bars spaced 1 cm apart). In the training session, rats were placed in the conditioning chamber for 3 min before receiving two 2-s, 0.7-mA foot shocks separated by a 30-s interval; they were kept in the conditioning context for an additional 30-s before returning to their home cage.
Animals were re-exposed to the same conditioning chamber (without foot-shock) for 5 min in the experiment 4 (reconsolidation). A 4 min re-exposition was performed in all the test sessions.
Behavioral measurement
Freezing behavior was used as a memory index, being registered using a stopwatch in real time by an experienced observer that was unaware of the experimental conditions. Freezing was defined as total cessation of all movement except that required for respiration (Blanchard & Blanchard, 1969) , and was scored in blocks of 1 min in the test and reactivation session.
Open field
Locomotor activity and anxiety-like behavior were assessed in the Open Field test. The apparatus consisted of a circular arena (180 cm diameter) with 50 cm-high walls. The floor was subdivided into 12 quadrants and 3 concentric zones (periphery, intermediary and center). The animals were exposed to the apparatus for 5 min, in which the time spent on the periphery zone (thigmotaxis behavior), and the number of crossings between the quadrants were measured.
Statistical analysis
Data were expressed as mean ± SEM. Statistical analyzes were performed using Student's unpaired t test (Two tailed), one-way or twoway analysis of variance (ANOVA), followed by Tukey's post hoc test, when necessary. All data used confidence level of 95% and values of P < 0.05 were considered statistically significant.
Results
Memory consolidation requires calpain activity
It is assumed that memory formation relies on morphological and density changes of dendritic spines that follow learning. Calpains modulate the morphology of dendritic spines by reorganizing their cytoskeleton structure . Thus, we hypothesized that inhibiting calpain activity would impair fear memory consolidation.
In order to address this question, we first performed a dose-response curve for the calpain antagonist -PD150606 (Fig. 1B) . We used five different concentrations of the drug: 0.01, 0.1, 1, 10, and 100 µM. Our results showed that calpain inhibition impairs memory consolidation (One-way ANOVA; F (5,41) = 6.001; P = 0.0003). The 1 µM concentration of the drug showed the largest impairment effect in freezing behavior, displaying approximately 85% less freezing compared to the control group (Tukey post hoc; P = 0.001). The other concentrations showed no significant difference between the drug and control group (control vs 0.01 µM, P = 0.99; Control vs 0.1 µM, P = 0.99; Control vs 10 µM, P = 0.08; Control vs 100 µM, P = 0.97). Thus, we kept using the 1 µM dose in the following experiments.
It has been shown that cellular and molecular dynamics of dendritic spine are not critical for short-term memory (STM) (Maiti, Manna, Ilavazhagan, Rossignol, & Dunbar, 2015; Sala & Segal, 2014) . Next, we further assessed whether calpain would be involved in STM. Our results showed that calpain inhibition does not impair memory when the test is performed 2 h after training, suggesting that STM does not require calpain activity, as shown in Fig. 1D (T (13) = 0.844; P = 0.41). However, the PD150606 treated group expressed lower freezing levels in the re-test performed 46 h later (T (13) = 0.55; P = 0.0001). In order to examine whether calpain inhibition also affect memory consolidation outside the hippocampus, we infused PD150606 in the striatum or in the retrosplenial cortex. No difference was found in the test performed 48 h later (data not shown).
Calpain inhibition after training is time-dependent
A large body of evidence indicates that memory consolidation may
Neurobiology of Learning and Memory 151 (2018) 53-58 be interfered up to 6 h after learning (Mcgaugh, 2000) . In our next experiments, we infused the calpain inhibitor at different time-points after training in order to verify the interval in which calpain activity would affect memory consolidation. To address this question, we infused the calpain antagonist 1 or 6 h after the conditioning session ( Fig. 2A) . Two-way ANOVA revealed a significant difference in time vs treatment interaction F (1,22) = 9.723; P = 0.005. Tukey's post hoc analysis showed that PD150606 administration 1 h after the conditioning session reduced freezing levels compared to the vehicle groups (P = 0.006). However, when the drug was infused 6 h later, there was no difference between the drug and control groups (P = 0.94), as shown in Fig. 2B . These results show that calpain activity is time-dependent following fear conditioning.
Calpain controls fear memory retrieval
It has been proposed that memory retrieval is an active process that requires protein synthesis and AMPA trafficking (Lopez, Gamache, Schneider, & Nader, 2015) . Moreover, we have recently shown that the inhibition of LIMK (an important actin dynamics regulator that controls cofilin) in the hippocampus impairs memory retrieval, suggesting that retrieval requires an ongoing balance between actin polymerization and depolymerization in order to retrieve memory (Lunardi et al., 2017) . Since calpain is also closely related with actin dynamics, we hypothesized that it could be involved in memory retrieval.
In order to address this possibility, animals were fear conditioned as described above and tested 48 h later. Twenty minutes before the test session, PD150606 was infused into the hippocampus. Animals treated with the calpain inhibitor expressed lower freezing levels compared with the control (T (20) = 7.393; P < 0.0001; Fig. 3B ). This result indicates that calpain plays an important role in memory retrieval.
In order to rule out the possibility that the above results could induce non-mnemonic effects, animals received intra-hippocampal infusion of PD150606 or vehicle and, 20 min later, they were tested in the open-field task. No difference was found between the groups either in the crossings (T (12) = 0.478; P = 0.64) or time spent in the central arena (T (12) = 0.684; P = 0.51).
Calpain inhibition impairs memory reconsolidation
Memory is a dynamic process and can be modified when reactivated. Retrieval may lead memory into a transient labile state followed by a new stabilization process called reconsolidation. The experiments shown above suggest that calpain is involved in active processes such as memory consolidation and retrieval. Then, we hypothesized that calpain activity would also be required in memory reconsolidation. In order to assess this, calpain inhibitor was Calpain activity is not required for short-term memory (STM) (P = 0.41) (control group, n = 8; drug group, n = 7). (E) Calpain activity is required for long-term memory (LTM) (P = 0.0001) (control group, n = 8; drug group, n = 7). Data are shown in mean ± SEM. ** Represents P < 0.005; **** P < 0.0001.
Fig. 2. Calpain inhibition after training is time-dependent (A) Experimental design. (B)
Animals infused with PD150606 1 h after conditioning session (n = 6) expressed lower freezing levels when compared to the control group (n = 8). Nevertheless, there was no difference between the drug (n = 6) and control (n = 6) groups when PD150606 was infused 6 h later. Data are shown in mean ± SEM. ** Represents P < 0.005. administered immediately after reactivation, and the animals were tested 24 h later (Fig. 4A) . As expected, in the reactivation session, there was no difference in the freezing levels between the groups (T (21) = 0.224; P = 0.83). However, inhibiting calpain after the reactivation session impaired memory reconsolidation (T (21) = 3.397; P = 0.003). Additionally, we performed another experiment without reactivation in order to rule out any possible effect of PD150606 per se. No difference was found between the groups (T (16) = 1.127; P = 0.28). Taken together, these results indicate that memory reactivation induces a plastic state that requires calpain activity to be reconsolidated.
Discussion
The current study investigated the role played by hippocampal calpain on memory consolidation, retrieval and reconsolidation in the contextual fear conditioning task in rats. We used the selective, potent, and cell-permeable non-peptide calpain inhibitor PD150606 (Ki = 0.21 and 0.37 μM for calpain 1 and 2, respectively), which binds to the Ca 2+ -binding domain of calpain with high affinity only when the substrate is bound to the protease. It presents high specificity for calpains compared with other proteases (Wang et al., 1996) . We have firstly shown that the bilateral infusion of the calpain inhibitor PD150606 in the hippocampus immediately after training disrupted memory consolidation. This result agrees with previous findings showing that pharmacological or genetic (Briz et al., 2013) calpain interference disrupt LTP induction and memory . Following learning, memory is unstable and vulnerable to interference. The process of stabilization takes some hours to occur until consolidated in a more stable form. We have shown that calpain activity is still required to modulate memory consolidation one hour, but not 6 h after training. Retrieval has long been thought to be a simple reactivation of the previously acquired engram. However, very recent studies have suggested that retrieval is not a simple passive readout of stored information. For instance, Lopez et al. (2015) have demonstrated that ongoing protein synthesis is required to retrieve fear memories by controlling AMPAR expression in the PSD that takes place during memory expression. Moreover, we have described that the LIMK-Cofilin pathway, an important biochemical cascade that regulates actin dynamics, controls memory retrieval (Lunardi et al., 2017) . These studies go in the same direction of the ones reported here, showing that calpain inhibition impairs retrieval. We suggest that there is an ongoing cytoskeleton remodeling process which is extremely well regulated and maintains the dendritic spine stability. Thus, if an important player involved in this process such as calpain is affected, then this finelytuned balance is temporally disrupted. Considering that calpain inhibitor was infused 20 min before the test session, retrieval was affected by the treatment, impairing fear memory expression.
Memory is an extremely dynamic process and, even after consolidation, it can be modified when reactivated. Then, retrieval may lead memory into a transient labile state followed by a reconsolidation process. By affecting reconsolidation, it is possible to enhance, impair, or update memory with new information (De Oliveira Alvares et al., 2013; Lee, 2008 Lee, , 2009 Nader et al., 2000) . In order to be reconsolidated, memory must undergo a labile state, which will allow it to be modified. Then, it must be reconsolidated in order to persist. If the reconsolidation process is disrupted, memory may be permanently impaired (Nader et al., 2000) . We have shown that calpain plays an important role in memory reconsolidation, since the hippocampal infusion of PD150606 immediately after reactivation disrupted memory. This result agrees with a recent study showing that memory reactivation increases calpain activity in the nucleus accumbens and it is required to reconsolidate drug reward memory (Liang et al., 2017) . This result suggests that reconsolidation induces a dendritic spine reorganization that must be rebuilt in order to maintain and/or update memory. Then, we propose that when memory is strengthened, weakened or updated with new information, the dendritic spines undergo a labile state before being rebuilt in a new morphology/size. This rebuilding process is controlled by actin dynamics regulators such as calpain.
Actin filaments (F-actin) are highly enriched in spines of glutamatergic neurons and provide the structural foundation for distinct dendritic spine shape; size and changes are associated with synaptic modification (Matus, 2000; Matus, Brinkhaus, & Wagner, 2000) . It has been suggested that F-actin assembly is associated with dendritic spine enlargement, and disassembly with spine shrinkage (Bosch & Hayashi, 2012; Fortin, Srivastava, & Soderling, 2012) . Assembly and disassembly of F-actin are primarily controlled by actin binding proteins, such as cofilin1, LIMK, and calpain. The first well-described neuronal target of calpain was spectrin (Riederer, Zagon, & Goodman, 1987) . Brain spectrin is the major cytoskeleton component of the neuronal membrane (Czogalla & Sikorski, 2005) . Spectrin and polymerized actin are crosslinked in the dendritic spines, creating a resistance against depolymerization. Calcium entrance activates calpain that degrades spectrin and promotes actin disassembling (Czogalla & Sikorski, 2005; Lynch & Gleichman, 2007) .
It has been proposed that memory formation or LTP induction involves firstly the cytoskeleton degradation (Lynch & Baudry, 1984; Rudy, 2015a) . In fact, actin dynamics regulate the AMPA receptor trafficking to be inserted in the PSD during LTP induction (Gu et al., 2010) , indicating the central role played by the actin remodeling on synaptic plasticity. Then, in a few minutes followed by LTP induction, the dendritic spine is remodeled into a wider and larger form (Bosch & Hayashi, 2012; Honkura, Matsuzaki, Noguchi, Ellis-Davies, & Kasai, 2008) .
Based on the important calpain function in actin dynamics, it is not surprising that inhibiting calpain activity affect memory consolidation, retrieval, and reconsolidation. It is important to note that, although historically calpain has been implicated in actin dynamics, recent findings have reported several other important roles played by calpain 1 and 2, such as controlling protein synthesis (Briz & Baudry, 2016) . In accordance with a model proposed by Baudry and Bi (2016), Ca 2+ influx through NMDA receptor stimulation during LTP induction or learning activates rapidly calpain-1, which cleaves a number of regulatory and cytoskeletal proteins such as spectrin, SCOP (an ERK inhibitor), talin, drebrin, and MARCKS, leading to ERK pathway activation and the reorganization of actin filaments. On the other hand, calpain-2 is activated after a few minutes, inducing protein synthesis involved in plasticity such as CamkII, Arc, and RhoA, by activating mTOR through PTEN cleavage. Interestingly, one of these proteins is SCOP, which inhibit ERK, limiting its action during consolidation. Thus, calpain 1 and 2 may play an opposite role in memory processes (Briz & Baudry, 2016; Liu et al., 2016) . Indeed, a recent study has shown that a calpain-2 inhibitor enhances memory and rescues memory deficit expressed in calpain 1 knockout animals (Liu et al., 2016) . These recent findings bring up a far more complex view of the calpains regulation of memory and open new and interesting avenue of investigation. We suggest that the memory disruption reported in the present study is caused by the inhibition of calpain 1. Accordingly, it is possible that the effective 1 μM dose affects primarily calpain 1, whereas the higher doses affect both isoforms, leading to a distinct outcome that could explain the inverted U-shaped curve presented here. Since the main calpain 1 targets are closely related with actin dynamics (such as spectrin, MARKS, and talin), we propose that the central mechanism underpinning our results relies on the interference in the ongoing actin cytoskeleton remodeling.
In conclusion, we propose that the calcium influx from NMDA receptors activates calpain in order to degrade its substrates and promote contextual fear memory consolidation, retrieval and reconsolidation. PD150606 had no effect when infused in animals in the absence of reactivation (P = 0.28). Data are shown in mean ± SEM. ** Represents P < 0.005.
